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ABSTRACT 
The  appearance and  distribution of electron-opaque, lipid-containing bodies have  been 
studied in liver of adult male mice of the C3H strain. The mice were either partially hepa- 
tectomized or sham-operated, and the liver was fixed  in Veronal acetate-buffered 2 per 
cent osmium tetroxide at various postoperative intervals (10, 20, 40, 60, and 120 minutes). 
Normal,  non-operated mice served  as controls. As  early as  10  minutes after  both sham 
operation and partial hepatectomy, lipid-containing bodies have been observed, not only 
in the cytoplasm of hepatic parenchymal cells, but also in the space of Disse. At the very 
early postoperative intervals studied, minute lipid bodies are repeatedly found to be more 
numerous in the space of Disse  than at later intervals. It is suggested  that the lipid-con- 
taining bodies enter  the  parenchymal cell from  the  circulation. At  the  cell membrane, 
numerous invaginations, each containing a  lipid body, have been observed; this suggests 
that  the  lipid bodies enter the  hepatic  parenchymal cells  by the  process  of pinocytosis. 
The fact that only hepatic parenchymal cells contain the lipid bodies, whereas von Kupffer, 
endothelial lining, and lto's fat-storing cells do not, may indicate a specific lipid mobiliza- 
tion response on the part of the cells of the hepatic parenchyma. 
INTRODUCTION 
In a  previous fine structure study of mouse liver 
regenerating after  partial hepatectomy  (1),  elec- 
tron-opaque bodies were found in the cytoplasm of 
parenchymal cells at 31/~ to 16 hours after partial 
hepatectomy;  at  the  same  intervals after  sham 
operation, these bodies are also  present, but they 
are  smaller  and  fewer.  After  fixation  with  po- 
tassium  permanganate,  the  bodies  exhibit  clear 
cores, whereas after osmium tetroxide fixation they 
are electron opaque throughout. Since lipid is well 
fixed by osmium tetroxide, but is not fixed by po- 
tassium permanganate (2),  it has  been proposed 
that the electron-opaque bodies contain some lipid 
component. In addition, after partial hepatectomy 
the  electron-opaque bodies are  numerous in the 
cytoplasm of hepatic parenchymal cells prior to the 
presence of a large number of fat droplets; thus, it 
has been postulated that these bodies are the prob- 
able precursors of the fat droplets (1).  In the same 
report it was suggested  that examination of liver 
fixed at intervals earlier than 31/~ hours after par- 
tial  hepatectomy  might  indicate  whether  these 
lipid-containing bodies  enter  the  parenchymal 
cells from the blood stream or whether  they are 
41 formed within the hepatic parenchymal cell.  The 
present  investigation  presents  evidence  which 
leads  to  the  suggestion  that  the electron-opaque, 
lipid-containing bodies enter hepatic parenchymal 
cells from the space of Disse by the process of pino- 
cytosis. 
MATERIALS  AND  METHODS 
The  animals used  in  this  study  were  male  mice  of 
strain C3H/StWi.  All were between 60 and 90 days 
of age at the time of sacrifice. They were fed Purina 
and Rockland laboratory chow and allowed water ad 
libitum. 
For partial hepatectomy,  the procedure described 
by Higgins and Anderson (3) was followed; mice were 
anesthetized,  the  abdomen was opened,  the  median 
and left lateral lobes of the liver were removed,  and 
the abdominal wall was subsequently sutured.  Sham 
operation consisted of anesthetizing and laparotomiz- 
ing the mice; precautions were taken to prevent bleed- 
ing. Normal, non-operated animals served as controls. 
Although  it  has  been  found  (Trotter,  unpublished 
data)  that the presence of the electron-opaque  lipid 
bodies is not subject to a diurnal rhythm, all animals 
were sacrificed at the same time of day (midmorning) 
to  minimize variations due  to  the  diurnal  cycles  of 
such parameters as glycogen content, mitotic activity, 
and synthesis of phospholipid, RNA, and DNA (4-8). 
Mice were sacrificed by decapitation at 10, 20, 40, 60, 
and  120 minutes after operation. 
A 2 per cent solution of osmium tetroxide buffered 
with Veronal acetate was employed in this study be- 
cause,  after  fixation  by  this  method,  lipid  appears 
fairly electron opaque,  and regions containing glyco- 
gen  are  usually  recognizable  as  uniformly  mottled 
light  areas.  Had  glutaraldehyde  or  phosphate-buff- 
ered  osmium  tetroxide  been  used,  the  fixation  of 
glycogen  in  its  particulate  form  (9-11)  might  have 
interfered with the identification of small lipid bodies. 
Liver  was  embedded  in  either  methacrylate  or 
Epon 812; the tissues embedded in methacrylate were 
dehydrated through a  graded series of ethanols, and 
the tissues embedded  in  Epon  812 were  dehydrated 
through a graded series of acetones. Sections were cut 
on  a  Porter-Blum microtome with  glass  knives pre- 
pared according to the method of Andr6 (12). Metha- 
crylate-embedded material was stained with lead ace- 
tate  (13),  and  Epon-embedded material was stained 
with lead citrate (14). The sections were examined in 
an RCA EMU 3G. 
OBSERVATIONS 
The  fine  structure  of liver  of non-operated  C3H 
mice is essentially the same as that of mice of other 
strains (15)  and of rats (16,  17). Among the usual 
cell organelles are located  a  moderate number of 
fat droplets and numerous glycogen areas (Fig.  1). 
Examination  of liver  samples  taken  10  to  120 
minutes  after  partial  hepatectomy  reveals  the 
presence of numerous tiny electron-opaque,  lipid- 
containing bodies (Fig.  2); similar bodies are also 
present  in  the  liver  of  sham-operated  mice.  Al- 
though the normal liver may, as stated above, con- 
tain a  few  large  fat droplets,  the  presence  of the 
minute lipid bodies has not been definitely demon- 
strated. The size and appearance of the lipid bodies 
is the same in sham-operated  and partially hepa- 
tectomized  animals  and  does  not  vary  with  the 
length of  time after operation. These  bodies have 
the same  properties  as  those previously described 
at 31/~ to  16 hours after partial hepatectomy: their 
diameters  range  from  300  to  1000  A,  and  each 
body  found  within  the  hepatic  parenchymal  cell 
cytoplasm is always enclosed within a vesicle (Figs. 
3 and 4).  Often these vesicles may be observed in 
continuity with the  granular  endoplasmic  reticu- 
lure (Fig.  3). The tiny lipid bodies have also been 
observed in association with other cell organelles. 
These  bodies  may  be  seen  lodged  between  the 
inner and outer membranes of mitochondria (Fig. 
5) or in association with the Golgi complex, where 
they may be located within the cisternae or within 
the vacuoles (Fig. 6).  In this connection it may be 
All electron mierographs are of C3H mouse liver fixed in Veronal acetate-buffered osmium 
tetroxide, embedded in Epon, and stained with lead citrate. 
FIGURE 1  Part of a  parenchymal cell from normal, non-operated liver.  Glycogen areas 
(Gl)  and a  fat droplet (F) may be distinguished. A small segment of a sinusoid (Si)  and 
an endothelial lining cell (E)  are  also included. Between the endothelial lining and the 
hepatic parenchymal cell is the space of Disse  (D),  which accommodates the microvilli 
of the hepatic parenchymal cell.  Note that neither the cytoplasm of the  hepatic paren- 
chymal cell nor the space of Disse contains any small electron-opaque bodies  (compare 
with Fig. 2).  X  13,000. 
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times observed within the vacuolar portion of the 
Golgi complex in normal liver.  These  structures 
are similar to the tiny lipid bodies in some respects 
and dissimilar in others; their identity has not been 
definitely ascertained. 
At  all  postoperative  intervals included  in  this 
study,  the small lipid bodies have been observed 
only within or in association with the parenchymal 
ceils.  Never  are  the  lipid  bodies  associated  with 
other liver cell types, such as Ito's fat-storing cell, 
the yon Kupffer cell, or the endothelial lining cell. 
Besides  being located  within the  parenchymal 
cells, small lipid bodies may be found at the hepatic 
parenchymal cell surfaces  (Figs.  3,  4,  7,  and  8). 
The extracellular lipid bodies are most numerous 
in the space of Disse (Fig. 7), and are also found in 
the spaces between adjacent hepatic parenchymal 
cells  (Figs.  3  and  8)  and in the triangular space 
which  connects  the  intercellular  space  with  the 
space of Disse (Fig. 4). Only occasionally are they 
present in the sinusoids, and never have they been 
observed in a bile canaliculus. 
The lipid-containing bodies in extracellular lo- 
cations are of the same size and electron opacity 
as those located intracellularly, but the former are 
never  found  within  a  vesicle.  Frequently  extra- 
cellular lipid bodies may be seen associated  with 
slight indentations of the plasma membrane of the 
hepatic parenchymal cells (Fig. 4). The cell mem- 
brane may also form deeper  invaginations, each 
one  containing  a  lipid  body  (Fig.  7).  Con- 
figurations such as these are strongly suggestive of 
stages in the process of pinocytosis and may be ob- 
served  at  any  location along the  cell membrane 
(Fig. 8), except in the region of the bile canaliculus. 
DISCUSSION 
That electron-opaque, lipid-containing bodies are 
found  in liver after  such  a  seemingly innocuous 
procedure as sham operation is not surprising when 
other conditions under which they have been ob- 
served  are  considered.  These  bodies  are  by  no 
means peculiar to regenerating liver; similar struc- 
tures have been observed in liver of normal, fasted 
rats  (18),  in liver of guinea pigs challenged with 
diphtheria toxin (19), in liver of mice fed choline- 
deficient  diets  (20),  and  in  liver  of fasted  mice 
(Trotter,  unpublished  data).  Lipid-containing 
bodies are smaller and less  numerous in liver ex- 
amined at later intervals (31/i  to  16 hours)  after 
sham operation than they are in liver examined at 
these same intervals after partial hepatectomy or 
in liver examined very early  (10 to  120  minutes) 
after either partial hepatectomy or sham operation. 
These observations could be explained by assum- 
ing that  the  initial mobilization of lipid  is inde- 
pendent of the type or severity of the challenge to 
the  animal; thus,  the  immediate response  is  the 
same:  small lipid  bodies  begin to  accumulate in 
the  liver  of  both  partially  hepatectomized  and 
sham-operated animals at very early postoperative 
intervals.  At  later  postoperative  intervals,  how- 
ever,  the  response  becomes  proportional  to  its 
initiating stress; the lipid bodies begin to decrease 
in number and size in the sham-operated animal, 
but persist and may even unite to form extremely 
large fat droplets in the partially hepatectomized 
animal. 
Previously, it was postulated that  the electron- 
opaque bodies contain lipid and are the precursors 
of the fat droplets  (1),  but it remained unknown 
whether these small lipid bodies were entering the 
hepatic  parenchymal cells or whether  they were 
being synthesized within the  cells.  The  electron- 
opaque lipid bodies observed  at  31/i  to  16 hours 
after  partial  hepatectomy  are  most  numerous 
scattered  throughout  the  cytoplasm  of  hepatic 
parenchymal ceils; only a  few  are  located  in the 
space  of Disse. At 10 to  120 minutes after partial 
hepatectomy, however, it can be repeatedly dem- 
onstrated that the lipid-containing  bodies are more 
numerous in the  space  of Disse than they are at 
later intervals. It might be suggested that the pres- 
ence of fewer lipid bodies in the space of Disse at 
31/i to 16 hours after partial hepatectomy is not, in 
FIGURE ~  Liver 1 hour after partial hepatectomy. The striking feature is the abundance 
of  small electron-opaque, lipid-containing bodies  (1)  throughout  the  cytoplasm of  the 
hepatic parenchymal cells. Tiny lipid bodies  (l') are also  present in the space  of Disse 
(D), but do not occur  in the bile canaliculus (BC). The glycogen areas which are so prom- 
inent in normal liver (compare  with Fig. 1) have disappeared.  A fat droplet (F) is present. 
X  13,000. 
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the cytoplasm, each lipid body (l) is invariably enclosed by a vesicle (V). Often the vesicles containing the 
lipid bodies appear to be attached to the granular endoplasmic reticulum (V'). Lipid bodies located out- 
side  the cytoplasm,  shm~m here in the intercellular space  (I),  are  obviously not enclosed  by vesicles. 
X  48,000. 
itself, a conclusive finding, since it may well be due 
to  a  partial  drainage  of  the  space  of Disse--an 
event which might take place during the process of 
sacrifice or fixation. Nonetheless, in all the animals 
examined  at  10-  to  120-minute  postoperative  in- 
tervals, many more lipid bodies are present in the 
space of Disse than are present in this location at 
3~  to  16 hours after operation.  Since these find~ 
ings are reproducible, it is probable that they rep- 
resent  actual  in  vivo fluctuations.  Furthermore, 
many  invaginations containing  lipid  bodies have 
been  demonstrated  forming  at  the  plasma  mem- 
branes of hepatic parenchymal cells fixed  10 to 120 
minutes  after  operation;  the  number  of such  in- 
vaginations  seen  at  later  intervals  is  very  small. 
Thus,  it  seems  reasonable  to  conclude  that  the 
lipid-containing  bodies  enter  the  hepatic  paren- 
chymal cells from the space of Disse by the process 
46  TtIE  JOURNAL OF  CELL BIOLOGY - VOLUME ~5,  1965 lqkGV~E 4  Liver 40 minutes after sham operation. Many lipid bodies may be seen in the space of Disse 
(D)  and in the triangular space  (T) connecting the intercellulas space (I) with the space of Disse.  At an 
indentation of the plasma membrane  (arrow), a lipid body appears to be entering the parenchymal cell 
by the process  of pinocytosis. Note that,  whereas the cytoplasm of the hepatic parenchymal cells con- 
tains electron-opaque bodies (l), these bodies are not found in the endothelial lining cell (E). In the he- 
patic parenchymal cell a fat droplet (F) is present.  X  ~9,000. 
of pinocytosis.  Palay  and  Karlin  (21)  have  also 
noted  that  one  method  of entry  of lipid  into  the 
cell  (in their case,  the intestinal  epithelium)  may 
be by pinocytosis of the particulate form. 
Once  the  tiny  lipid  bodies  have  entered  the 
hepatic  parenchymal  cell,  it  has  been  suggested 
(1)  that they participate in the building up of the 
larger fat droplets. The origin of the large fat drop- 
lets which are so numerous in regenerating liver 24 
hours  after partial  hepatectomy  is thus  not intra- 
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by Bucher  (22). 
The  organs  important  in  the  physiology  of fat 
are  the  adipose  tissue,  the intestine,  and  the liver 
(23),  with the blood acting as the carrier between 
them.  Although some of the lipid bodies observed 
in this study may be transported  to the liver from 
the intestine, the majority probably arise from the 
FmURE 5  Part of a hepatic parenehymal cell ~0 min- 
utes after sham operation. Note the lipid body  (l)  lo- 
cated  between  the  outer  and  inner  membranes  of  a 
mitochondrion. X  45,000. 
adipose tissue, which, according to Laurell (24),  is 
the tissue called upon when organs require energy. 
Most authors  agree that  adipose  tissue releases its 
material  to the blood in the form of non-esterified 
fatty acids (23-29), which probably become loosely 
combined with albumin for transport  (23,  27).  In 
this form lipids in  transit  would  not be visible in 
the electron microscope (28).  In the present study, 
only a few lipid bodies have been seen in the liver 
sinusoids; it could be argued  that this observation 
merely  represents  a  back  seepage  of  the  bodies 
from the space of Disse where they are so numer- 
ous.  On  the  other  hand,  the  actual  number  of 
lipid bodies present in the sinusoids in vivo may be 
greater than that observed here, since, in the process 
of fixation, material  might very likely be drained 
from the sinusoids.  At any rate,  since lipid bodies 
are unmistakably  present  in the space of Disse,  it 
seems that some particulate lipid is being mobilized 
into the liver. If one adheres to the argument that 
lipids are transported in the blood as non-esterified 
fatty acids, which would not be expected to be visi- 
ble in the sinusoids, it might then be suggested that 
the re-esterification of the fatty acids into triglyc- 
erides,  which  may  make  up  a  part  of the visible 
lipid-containing  bodies,  could  take  place  in  the 
space of Disse.  Other authors  have also suggested 
that re-esterification of fatty acids may take place 
FIGURE 6  Golgi complex of a hepatic parenchymal cell ~20 minutes after sham  operation.  Lipid bodies 
appear in the cisternac (c) and vacuoles (Va) of the Golgi complex.  )< ~9,000. 
48  ThE JOI;RNAL OF  CELL BIOLOGY " VOLUME O~5, 1965 FtGURE 7  Liver ~ hours after pa~ial hepatectomy. Lipid bodies of various sizes may be seen in the space 
of Disse  (D).  Lipid bodies (I) located within vesicles are scattered throughout the cytoplasm of the pa- 
renchymal cells. The cell membrane (arrows) is invaginated around a lipid body. The vesicle at X  prob- 
ably  represents an advanced stage  in the pinocytotic process,  where  the connection with the plasma 
membrane of the hepatic parenchymal cell is either detached or not in the plane of section. Si, sinusoid. 
X  29,000. 
at  cell  surfaces  (28),  and  Rouiller  and  Jfiz6quel 
(30)  have  advanced  the  idea  that  the  space  of 
Disse  may  play  a  role  in  the  "concentration"  of 
lipids.  It is not intended to suggest that the above 
process  is the only means by which lipid  may  be 
mobilized into the hepatic parenchymal cell.  It is 
certainly  reasonable  to  imagine  that  some  free 
fatty acids may be taken into the cell and esterified 
at the level of intracellular membranes. 
Although extracellular lipid bodies are found in 
NANCY L.  TROTTER  Lipid-Containing  Bodies in Liver  49 FIGURE 8  Liver ~ hours after sham operation. The lipid bodies occupy not only the space of Disse  (D), 
but also the space  (1)  between two adjacent parenchymal cells. Invaginations of pinocytotic vesicles 
seem to occur along the cell membrane bordering the space  of Disse  (X)  or the intercellular space  (XP). 
X  3~,000. 
the  space  of Disse  and  in the  interparenchymal 
cell spaces, they are not found in the bile canaliculi. 
Farquhar  and  Palade  (31)  have  shown  that  in 
epithelial  cells  held  together  by junctional com- 
plexes the zonula oceludens prevents material on 
the luminal side of the epithelium from penetrat- 
ing the intercellular space.  Conversely, it may be 
assumed that the zonula occludens present at either 
side  of a  bile canaliculus could  prevent the lipid 
bodies in the intercellular space from entering the 
bile canalieulus. 
Of the  cell  types  found  in  the  liver,  only the 
parenchymal cells have been observed  to contain 
small lipid bodies. Ashworth et al.  (32), after feed- 
ing rats high fat diets, also observed pinocytosis of 
particulate lipids into hepatic  parenchymal cells, 
but only very rarely did they find chylomicrons in 
von  Kupffer  cells.  Other  materials,  for  example 
artificial  specific  test  lipid  emulsions  (33),  have 
been  found  to  be  taken  up  by  the  von  Kupffer 
cells,  but  not  by  the  hepatic  parenchymal  cells. 
These  findings serve to  contrast the  phagocytosis 
of extrinsic particles by yon Kupffer cells with the 
apparently specific uptake of the small lipid-con- 
taining bodies by hepatic parenchymal cells. 
Once  inside  hepatic  parenchymal  cells,  the 
lipid-containing bodies may be  seen within their 
agranular vesicles (which are sometimes connected 
to  the  granular  endoplasmic  reticulum),  within 
the cisternae or the vacuoles of the Golgi complex, 
or  between  the  outer  and  inner  membranes  of 
mitochondria. Possibly the pinocytotic vesicles be- 
come  attached  to  these  cell  organelles. J~zfiquel 
(34)  has suggested  that pinocytotic vesicles subse- 
quently  become  vesicles  of  the  agranular  endo- 
plasmic reticulum; if this  is so,  the membranous 
50  THE JOURNAL OF CELL BIOLOGY - VOLUME ~5,  1965 vesicles may serve as transport vehicles for the lipid 
material from the cell surface to the cell organelles. 
As their number  within  the hepatic parenchymal 
cell  cytoplasm  begins  to  increase  after  partial 
hepatectomy  (I),  tiny lipid bodies have been  ob- 
served apparently fusing to form large fat droplets. 
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